Hot filament chemical vapor deposition using hexafluoropropylene oxide as the precursor gas yielded two sets of fluorocarbon films, one with varying OH/COOH content and the other with varying grain aspect ratio, as revealed by Fourier transform infrared spectroscopy and atomic force microscopy, respectively. Variable angle spectroscopic ellipsometry was performed to derive film thickness and film optical constants. A uniaxial Cauchy-Urbach dispersion layer, with separate in-plane and out-of-plane dispersion parameters, was found to realistically describe the films. Derived film thickness agreed well with profilometry measurements. Anisotropy in index of refraction n and extinction coefficient k was on the order of 10 Ϫ2 and 10 Ϫ5 to 10
I. INTRODUCTION
Hot filament chemical vapor deposition ͑HFCVD͒ is a relatively unexplored and unconventional way to produce fluorocarbon films. Although studies on the pyrolysis of fluorocarbon gases using hot filaments are reported, the focus was on elucidating the product gases, even though in some experiments a solid product was observed.
1-3 HFCVD, using hexafluoropropylene oxide ͑HFPO͒ as the precursor gas, yielded films that were spectroscopically identical to bulk poly͑tetrafluoroethylene͒ ͑PTFE͒ from Fourier transform infrared ͑FTIR͒ and solid-state nuclear magnetic resonance ͑NMR͒ analyses. [4] [5] [6] [7] The reaction pathway leading to the formation of PTFE thin films is described in reactions ͑1͒ and ͑2͒. [8] [9] [10] Pyrolysis of HFPO produces difluorocarbene, CF 2 , radicals, and trifluoroacetyl fluoride, a stable byproduct gas. The CF 2 radicals then polymerize into linear chains of PTFE CF 3 CF͑O͒CF 2 ͑ g ͒→ ᭝ CF 2 ϩCF 3 CFO ͑ g ͒, ͑1͒
CF 2 →͑CF 2 CF 2 ͒ n ͑ s ͒. ͑2͒
The ability to produce PTFE thin films without resorting to pressing and sintering of PTFE powder or solvent spin coating is highly attractive. It allows deposition of coatings on complex geometries such as wires and probes, 11 and eliminates the use of solvents that may be a detriment to the environment, safety, and health. 7, 12 One key potential application is in the area of low dielectric constant materials in integrated circuits, since bulk PTFE has one of the lowest dielectric constants of a dense material at a reported value of 2.1. 13 The 1999 International Technology Roadmap for Semiconductors has set a goal to reach an effective dielectric constant of 1.6-2.2 for the 0.1 m technology node by the year 2005, and fluoropolymers are a potential candidate. 14 Deposition of PTFE films has been explored in a number of other ways. Pulsed laser deposition from PTFE targets produced high quality films showing the structure and thermal stability characteristic of bulk PTFE. 15, 16 Ionizationassisted evaporation of low molecular weight PTFE powders also yielded similar films. 17 Synchrotron radiation ablative photodecomposition of PTFE targets yielded films much like PTFE, although in that case CF 3 chain ends were observed. 18 This is comparable to films produced by downstream plasma deposition using tetrafluoroethylene 19 and HFPO 20 as precura͒ Author to whom correspondence should be addressed; electronic mail: kkgleasn@mit.edu sor gases. Thermolysis of bulk PTFE produced films consistent with the source material. 21, 22 Films spin coated from aqueous nanoemulsion PTFE and commercialized by W. L. Gore as SPEEDFILM TM , have undergone several evaluation studies as a potential low dielectric constant material. 23 HFCVD provides yet another promising alternative.
Variable angle spectroscopic ellipsometry ͑VASE͒ represents a powerful yet facile characterization tool for thin films. VASE is used not only to determine film thickness but it is also capable of describing film optical behavior and indirectly sheds light on other film properties such as dielectric constant and porosity. The former arises from a simple relation that sets a lower bound to the dielectric constant ͑optical dielectric constant͒ through the index of refraction, 24 while the latter comes from the influence that voids have in lowering the effective index of refraction. [25] [26] [27] For fluorocarbon films, VASE has been used to look at the optical behavior and microstructure of plasma polymerized Au/fluorocarbon nanocomposite films. 28 Films from pulsed plasma deposition using CH 2 F 2 , CHF 2 CHF 2 , and CHClF 2 gases have also made use of VASE. 29 It is the intent of this article to demonstrate the use of VASE in looking at the optical behavior of HFPO HFCVD films, in particular, the effect of structure and morphology on the optical dielectric constant. This article also is believed to represent one of the first reports on using a novel CVD process such as HFCVD to produce PTFE films with a substantial amount of film porosity, as derived from VASE.
II. EXPERIMENT
A. Film preparation HFCVD using undiluted HFPO ͑CF 3 CF͑O͒CF 2 ; DuPont͒ as the precursor gas was performed for two sets of deposition conditions as shown in Table I . Film samples OH1, OH2, and OH3 were grown at 0.5 torr, 30 sccm, and increasing filament preconditioning times of 0, 5, and 15 min, respectively. Film samples AR1, AR2, and AR3 were grown at 1.0 torr, 30 sccm, and increasing filament preconditioning times of 0, 5, and 15 min, respectively. Filament preconditioning time refers to the duration of filament heating at the respective process conditions prior to actual film deposition. Films were grown on 100 mm diam p-type Si ͑100͒ wafers for a period of 1 h. Each deposition used a new nichrome 28 AWG wire ͑80% Ni / 20% Cr; Omega Engineering͒ which was resistively heated using a variable transformer set at 56.4 V, reaching a filament temperature around 500°C. Filament to substrate spacing was 15 mm and backside water cooling maintained substrate temperature at 21Ϯ5°C. These depositions were part of a larger matrix of depositions carried out to study the effects of pressure, flow rate, and preconditioning time on the growth, structure, and morphology of derivative films from HFPO HFCVD. 7 Details of the reactor and filament setup have been given previously. 4, 5, 11 B. Film characterization FTIR spectroscopy ͑Nicolet Magna 860͒ and atomic force microscopy ͑AFM͒ ͑Digital Instruments Dimension 3000͒ were performed to characterize film structure and morphology. Each FTIR spectrum was acquired under transmission mode in a nitrogen purged chamber using a DTGS KBr detector for 64 averages over the range of 400-4000 cm Ϫ1 at 4 cm Ϫ1 resolution. Each AFM image was acquired under tapping mode with a standard etched Si probe over a scan area of 2ϫ2 m in the trace and retrace directions. The image was accepted only when both the trace and retrace scans were visually identical. Profilometry ͑KLA-Tencor P-10͒ measurements were also made to determine film thickness.
VASE was performed on a J. A. Woollam M-2000S rotating compensator ellipsometer. For each film sample, ellipsometric psi (⌿) and delta (⌬) angles were measured over 225 wavelength channels, from 246 to 724 nm, at three incident angles of 65°, 70°, and 75°, taking 20 signal averages per channel. Subsequent regression methodology to derive film thickness and film optical properties is described in Sec. III.
III. FILM OPTICAL MODEL AND REGRESSION METHODOLOGY
To derive useful film information from the raw ⌿ and ⌬ data, it was necessary to develop a film model which would adequately and realistically describe the optical behavior of the film. For dielectric or insulating films, the threeparameter Cauchy function ͓Eq. ͑3͔͒ has been found to be particularly suitable in relating the index of refraction n to the wavelength of light . 24 To account for light absorption, the two-parameter Urbach equation ͓Eq. ͑4͔͒ has been used to relate the extinction coefficient k to . 24 The parameters from these dispersion relationships together with film thickness were then used to calculate the model ⌿ and ⌬ angles as a function of . The fitting parameters were regressed to minimize the mean squared error ͑MSE͒ between the measured and model ⌿() and ⌬(). Convergence was reached when the absolute change in MSE between successive iteration was less than 10
Ϫ10
. The WVASE32 software developed by J. A. Woollam Co., Inc. has been used to perform the actual regressions ͪͬͮ ; 0 ϭ400 nm.
͑4͒
The initial model to describe the present HFCVD fluorocarbon films consisted of an ͑air͒/͑surface roughness͒/ ͑isotropic Cauchy-Urbach film͒/͑native SiO 2 )/͑Si substrate͒ multilayer. An SiO 2 layer, fixed at a thickness of 17 Å, was included to account for the native oxide present on these Si wafers. The fluorocarbon film was an isotropic CauchyUrbach dispersion layer in which film thickness and optical parameters were varied. The top surface roughness layer, whose thickness was also varied, accounted for microstructural nonuniformity. However, this model had difficulties reaching convergence and gave poor fits with relatively high MSE values, as seen in Table II. The model was refined by replacing the isotropic fluorocarbon film layer with a uniaxial Cauchy-Urbach layer such that the in-plane ͑xy͒ and out-of-plane ͑z͒ dispersion parameters were allowed to be different and to be independently varied. The model therefore consisted of an ͑air͒/͑surface roughness͒/͑uniaxial Cauchy-Urbach film͒/͑native SiO 2 )/͑Si substrate͒ multilayer. Convergence was achieved within 30 iterations and goodness of fit was significantly better, with MSE values reduced by at least a factor of 4 compared to the initial isotropic model ͑Table II͒. From results which will be discussed in Sec. IV, the presence of out-of-plane anisotropy in these films is highly probable. As a further check, anisotropic data (A sp and A ps ) were acquired at sample in-plane orientations 45°apart. The off diagonal elements of the Jones matrix were found to be near zero so in-plane anisotropy can be said to be insignificant. 30 Any anisotropy will have its optical axis perpendicular to the plane of the film. The present model was accepted as a reasonable description of HFCVD fluorocarbon films and the optimized optical properties from this model can be taken with good confidence. Figure 1 shows an example of the spectroscopic ⌿ and ⌬ data measured at 65°, 70°, and 75°, and the resulting model fit, demonstrating good agreement. Also shown are the optimized optical constants n and k as a function of which are obtained from the uniaxial fluorocarbon film layer. Although not shown, the regressed model is also able to provide n() and k() for the in-plane and out-of-plane directions separately. For this particular sample, sample AR3, the fit gave an MSE of 19.2.
IV. RESULTS AND DISCUSSION

A. Film structure and morphology
Figures 2 and 3 show the sets of FTIR spectra for the OH and AR series of HFPO HFCVD films, respectively. All spectra show the strong CF 2 symmetric and asymmetric stretches at 1155 and 1215 cm Ϫ1 characteristic of PTFE. Extraneous peaks around 1700 and 3500 cm Ϫ1 arising from OH incorporation, most likely in the form of COOH groups, are also observed with varying intensities. The amount of OH is quantified by taking the ratio of the integrated area of the OH peak at 3500 cm Ϫ1 to the integrated area of the CF 2 stretches ͑OH/CF 2 ratio͒. The source of OH incorporation has been discussed in more detail elsewhere, 7 but basically it is thought to come from the reaction of unterminated CF 2 chain end radicals ͓the polymerization process depicted in Eq. ͑2͒ yields ''living'' chains͔ with atmospheric oxygen and water. Variation in the amount of OH is then determined by chain end radical concentration in the deposited films prior to exposure. Higher radical concentration and hence higher OH content is believed to be a result of chain nucleation dominating over chain growth during deposition. Figures 4 and 5 show the sets of AFM images for the OH and AR series of HFPO HFCVD films, respectively. Film morphology ranges from spherical to rod-like grains. Competition between nucleation and growth is also believed to influence the final grain shape, with the former being more isotropic in nature and the latter being more of an anisotropic process, since PTFE chains are known to be highly linear and rigid. 7 A grain aspect ratio, defined as the length of the longer to the shorter side, is used to quantify the degree of grain asymmetry. It can be seen, especially in Fig. 5͑c͒ , that the in-plane morphology is quite different from the out-ofplane morphology since most of the rod-like grains appear to lie parallel to the xy plane. This lends clear and definitive support for the need of at least a uniaxial film model to describe these films adequately. Furthermore, in-plane anisotropy would not be expected since the rods are oriented randomly within the xy plane, and therefore precludes a more complex and more parametrized biaxial model that includes in-plane anisotropy. This also corroborates with the lack of any significant spectroscopic in-plane anisotropy being measured. Figure 6 plots the OH/CF 2 ratio against grain aspect ratio for the six different films. As can be seen, the OH series represent films with decreasing amounts of OH but with grain aspect ratio remaining relatively similar and low, i.e., nearly spherical. On the other hand, the AR series represent films with increasing grain aspect ratio but with similar and low OH incorporation. Thus, these two series can be used to look independently at the effect of OH and aspect ratio on film optical behavior.
B. Film thickness and optical constants
Table III summarizes regression results for the OH and AR series of HFPO HFCVD films. Besides film thickness and surface roughness, n and k values at ϭ632.8 nm for the uniaxial layer as well as for the individual in-plane and outof-plane directions have been tabulated. The ordinary ͑in-plane͒ and extraordinary ͑out-of-plane͒ values of n are actually not too different to be considered perhaps a true uniaxial or anisotropic material. However, as already mentioned, introducing this extra degree of freedom in the regression procedure substantially improved the fits to warrant the deviation from isotropy, even though the deviation was found to be subsequently small. In general, the ordinary n's are consistently higher than the corresponding extraordinary n's, which suggests a denser packing of grains along the x and y axes compared to the z axis. There is no reason to believe that there would be compositional differences which are directionally dependent that may account for the observed disparity. Absorption in these films is relatively slight, with k ranging on the order of 10 Ϫ5 -10 Ϫ3 , and the difference in the ordinary and extraordinary k's is also small.
Film thickness obtained from VASE and profilometry is compared in Fig. 7 . The extremely good agreement between these two dissimilar approaches in measuring film thickness serves to further verify the validity of the regression methodology and that convergence to a true minimum has been achieved. Profilometry makes absolute film thickness measurements without the need for data regression, but precision is limited by the lack of sensitivity from the mechanical movement of the profiling stylus. In contrast, VASE film thickness, although it can be precise due to the greater sensitivity of an optical response, is only as good as the model. In this case, VASE and profilometry serve to complement each other and strengthen confidence in the derived results.
C. Effect of OH content
Because the complex index of refraction N is related to the complex dielectric function ⑀ in a simple manner, it is easy to derive the optical dielectric constant ⑀ 1 from n and k ͓see Eqs. ͑5͒-͑9͔͒. 24 The optical dielectric constant is a minimum bound to the actual dielectric constant, reflecting only the electronic contribution but excluding the ionic and orientation effects. However, since the actual dielectric response is frequency dependent, with the latter two effects being negligible at high frequencies ͑MHz to GHz range͒, the optical dielectric constant can be a good indicator of the actual dielectric constant of the film. This is especially true when applying these fluorocarbon films as low dielectrics since the operating frequencies in microelectronic circuits are generally high
Therefore, Fig. 8 plots the optical dielectric constant (ϭ632.8 nm͒ as a function of the OH/CF 2 ratio in the OH series of HFPO HFCVD films. There does not appear to be any significant changes in ⑀ 1 with OH content. It is perhaps not too surprising since the optical behavior of liquid water itself is quite similar, with nϭ1.3313 (ϭ632.8 nm͒ and ⑀ 1 ϭ1.77. 31 However, COOH groups, which contribute to the OH in these films, were considered unsuitable for low index polymers. 32 It is very likely that the contribution of COOH groups to the electronic component of the optical dielectric constant may be obscured by the substantial number of highly electronegative F atoms in these films. Functional groups with high F content are known to have the lowest contribution to the index of refraction and hence the optical dielectric constant. Figure 9 shows the optical dielectric constant (ϭ632.8 nm͒ as a function of grain aspect ratio in the AR series of HFPO HFCVD films. Interestingly, ⑀ 1 decreases in a linear fashion with increasing grain aspect ratio. The film with the highest grain aspect ratio yielded an exceptionally low ⑀ 1 value of 1.74 (ϭ632.8 nm͒. Although FTIR and solid-state NMR revealed these films to be virtually identical to PTFE compositionally and structurally, 4-7 the dielectric constants are much lower than those reported for bulk PTFE at 2.1 (ϭ60Ϫ2ϫ10 9 MHz͒. 13 One major difference however can be gleaned from looking at the AFM images in Fig. 5 . The present films contain a lot of free space and voids which would not be present in bulk PTFE. Because vacuum or void space has the lowest possible dielectric constant of ϳ1.0, its presence would lead to a lower effective dielectric constant for the film even though the grains themselves may have a dielectric constant near that of bulk PTFE. It should be pointed out that, strictly speaking, the bulk PTFE value is a true dielectric constant while the film values are optical dielectric constants. However, as mentioned already, the comparisons are considered valid at optical and higher frequencies when the only contribution is from the electronic environment of the atoms. Assuming that the effective dielectric constant can be expressed as a linear combination of grains having the bulk value and voids having the permittivity of vacuum, the percentage of porosity in these films can be derived from Eq. ͑10͒. This approach makes use of volume average definitions for density and dielectric constant. 26 A plot of porosity as a function of grain aspect ratio can then be graphed as shown in Fig. 10 . This also yields a linear relationship, with the film having the highest grain aspect ratio giving a porosity of 33%. The increase in porosity relates directly to the increase in grain shape asymmetry. Lengthening of the grains and the lack of grain order prevents the grains from packing in an efficient manner. The high degree of porosity suggests a lack of any densification during deposition. A lack of a directionally driven process such as ion bombardment ͑that typically occurs in substrate-biased plasma depositions͒ reduces any molecular or macro level rearrangement and packing. Indeed, smoother films were obtained when substrate bias was applied during ionization-assisted evaporation of PTFE powders. 17 A lack of mobility from low substrate temperatures also prevents any melt flow that typically occurs in sintering of PTFE powder or pellets
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D. Effect of grain aspect ratio
The results here are believed to be one of the first reports on the deposition of porous PTFE thin films by an HFCVD process. Porosity is an attractive option in low dielectrics since it provides further reduction and greater tunability to film dielectric constant than bulk PTFE.
V. SUMMARY AND CONCLUSIONS
VASE was performed on two series of HFPO HFCVD films, one with increasing OH content and the other with increasing grain aspect ratio as revealed by FTIR and AFM. Measured spectroscopic data were modeled and regressed using a uniaxial Cauchy-Urbach dispersion layer to describe the fluorocarbon film. Evidence for out-of-plane anisotropy came from observing the arrangement of grains in the AFM images. MSE was greatly reduced compared with an isotropic model and derived film thicknesses agreed well with profilometry measurements. These results offered additional support to the validity of the model employed. From regression to an anisotropic model, optimized film optical constants were obtained. Anisotropy in index of refraction at ϭ632.8 nm was found to be ϳ10 Ϫ2 , while anisotropy in extinction coefficient at ϭ632.8 nm was ϳ10 Ϫ5 -10 Ϫ3 . By relating the dielectric function to the complex index of refraction, the optical dielectric constant, which only describes the electronic contribution to the dielectric behavior, was obtained from the optical constants. Variation in OH content did not result in any significant change in the optical dielectric constant. Even though OH may intuitively be a fairly polarizable group, its electronic contribution may be masked by the substantial amount of F atoms present. Increasing grain aspect ratio resulted in a linear decrease in optical dielectric constant. This was attributed to a decrease in grain packing density as the grains deviated from spherical symmetry. By assuming the effective optical dielectric constant can be expressed as a linear combination of the contributions from bulk grains and voids, film porosity was derived. A maximum porosity of 33%, corresponding to an optical dielectric constant of 1.74, was observed. FIG. 9 . Plot of ⑀ 1 to grain aspect ratio for the set of AR films. ⑀ 1 decreased linearly with increasing aspect ratio. Increasing grain shape asymmetry reduces packing efficiency, leading to more voids, which would decrease ⑀ 1 .
FIG. 10. Plot of film porosity to grain aspect ratio for the set of AR films. Porosity is derived by assuming that the effective ⑀ 1 is a linear combination of bulk PTFE grains and voids. Maximum porosity of 33% came from sample AR3 which had an ⑀ 1 of 1.74.
